The efficiency of various heteropoly compounds as well-known solid acids is investigated for the three-component condensation reaction of an aldehyde with b-ketoester and urea in acetonitrile to afford the dihydropyrimidinones (DHPM). Compared to the classical Biginelli reaction conditions, this new method consistently has the advantage of excellent yields and short reaction times. Furthermore, the catalyst could be easily recovered after completion of the reaction and reused without a considerable change in its activity. #
Introduction
In 1893, the Italian chemist Pietro Biginelli reported a cyclocondensation reaction between ethyl acetoacetate, benzaldehyde and urea to obtain a heterocyclic system of dihydropyrimidinone (DHPM) (Scheme 1), which is known as Biginelli reaction [1] . The dihydropyrimidinone derivatives have attracted considerable interest in recent years due to promising activities as calcium channel blockers, and as antihypertensive, antibacterial, antitumor and anti-inflammatory agents [2, 3] .
Synthetic strategies for the dihydropyrimidinone nucleus involve both one-pot and multi-step approaches. At present, several general methods are known for the preparation of dihydropyrimidinones, including various solid-phase modifications [4] [5] [6] [7] [8] [9] . Most commonly used Lewis acids are BF 3 ÁOEt 2 , InCl 3 , NbCl 5 , polyaniline-bismoclite, SnCl 2 ÁCdCl 2 , N-bromosuccinimide under microwave irradiation, Yb(III)-resin, polyphosphate ester, Mn(OAc) 3 Á2H 2 O, LaCl 3 Á7H 2 O, BiCl 3 , ZrCl 4 , La(OTf) 3 , NiCl 2 Á6H 2 O, FeCl 3 Á6H 2 O, Bi(OTf) 3 , clay, zeolite, Ag 3 PW 12 O 40 , RuCl 3 , ferric chloride/tetraethyl orthosilicate, MgCl 2 Á6H 2 O, iodine-alumina, trimethylchlorosilane, silicagel supported-sodium hydrogen sulfate and methanesulfonic acid .
The development of efficient and versatile catalytic systems for Biginelli reaction is an active ongoing research area and thus, there is scope for further improvement toward milder reaction conditions, variations of substituents in all three components and better yields. In view of this, we have utilized polyoxometalates (POMs) as efficient Bronsted acid catalysts for the Biginelli three-component one-pot synthesis in our laboratory. The majority of POMs have structures composed of molybdenum and tungsten polyhedrons. Other elements occur in small amounts in these structures [37] . Many results have been previously reported on the acidic properties in the solid state of the dodecamolybdo(tungsto)phosphoric acids, H 3 PMo 12 O 40 or H 3 PW 12 O 40 , and many promising reactions are nowadays studied: dehydration, alkylation, isomerization, oxy-dehydrogenation [38] [39] [40] ; oxydehydrogenation instead of oxygenation of alkanes [41] ; oxidation of alkylarenes [42] ; thioacetalization and transthioacetalization reactions [43] ; oxidation of amines and sulfides [44] ; epoxidation of allylic alcohols [45] ; cyclization of (+)-citronellal to (À)-isopulegol [46] ; Friedel-Crafts acylation [47] ; acylation reactions of anisole [48] ; Fries rearrangement of aryl esters [49] ; mesostructured aluminosilicate alkylation [50] ; decomposition of nonafluoropentanoic acid [51] ; gas phase synthesis of methyl www.elsevier.com/locate/apcata Applied Catalysis A: General 309 (2006) [44] [45] [46] [47] [48] [49] [50] [51] tert-butyl ether [52] ; esterification of acrylic acid by butanol [53] . Generally, if the reaction rate is controlled by the catalyst acid strength, H 3 PW 12 O 40 shows the highest catalytic activity in the Keggin series [54] .
Herein 
Results and discussion
The reaction of aldehyde, ethyl acetoacetate and urea in the presence of catalytic amounts of POM in refluxing acetonitrile resulted in formation of dihydropyrimidinone (Scheme 2).
The best results were obtained using 2 mol% POM (HTP as model catalyst) and 0.4 g (ca. 0.009 mol% for HTP-KSF as model catalyst). Using lower amounts of catalyst resulted in lower yields, while higher amounts of catalyst did not affect the reaction times and yields.
Various aromatic aldehydes reacted to give the corresponding dihydropyrimidinones in moderate to excellent yields (Tables 1 and 2) . Under these conditions, as shown in Table 3 , the yields were significantly increased to 76-96% for the classical Biginelli reaction, but the reaction time was shortened from 18 to 2-7 h (for bulk POM) and to 4-12 h (for supported-POM). Many pharmacologically relevant substitution patterns could be introduced on the aromatic ring with high efficiency. Most importantly, aromatic aldehydes carrying either electrondonating ( Reaction conditions: POM, HTP or HMP (0.02 mmol), ethyl acetoacetate (1 mmol), aldehyde (1 mmol) and urea (1.5 mmol) were carried out in a one-pot condensation employing refluxing CH 3 CN (10 mL) as the solvent. a Isolated yield. b Identification of the products was ascertained by NMR and IR analysis.
The reusability of the catalysts was also examined through a series of sequential condensations of ethyl acetoacetate and urea with 4-nitrobenzaldehyde as a model substrate. In a typical reaction, the catalyst was simply filtered from the reaction mixture and reused for five (for POM) and six (for supported-POM) cycles. The reaction proceeded smoothly with a 75-98% yield, indicating that the catalyst dose not lose its activity and can be reused (Table 4) .
Effect of solvent
We have studied through a series of sequential condensations of ethyl acetoacetate and urea with 4-nitro benzaldehyde as a model substrate and KSF-HTP as a model catalyst at room temperature and in 45 8C. It seems that acetonitrile is a much better solvent in terms of yields than all other tested solvents such as tetrahydrofuran, water, chloroform, acetone and methanol (Table 5) .
Effect of HPA loading
The support dose not always play merely a mechanical role, it can also modify the catalytic properties of the deposit, favour the growth of particular structures, include more or less strong interactions, etc. The explanation of the true role of the support is not clear; however, it appears that the nature of the support, and the amount of the deposit may influence the catalytic properties of the supported catalysts. Reaction conditions: KSF-HTP (0.4 g), ethyl acetoacetate (1 mmol), 4-nitrobenzaldehyde (1 mmol), urea (1.5 mmol) and solvent (10 mL). a Isolated yield. Reaction conditions: catalyst (0.4 g), ethyl acetoacetate (1 mmol), 4-nitrobenzaldehyde (1 mmol) and urea (1.5 mmol) were carried out in a one-pot condensation employing refluxing CH 3 CN (10 mL) as the solvent. a Isolated yield.
Catalytic effect of used supports (KSF-mont, SiO 2 (cabosil), Al 2 O 3 , TiO 2 , ZrO 2 , activated carbon) were also studied. The experimental results show that these supports are much less efficient for this purpose but in the presence of heteropoly acids on supports (HPA loading), this conversion proceeded efficiently in a few minutes under similar reaction conditions (Table 6) .
Comparsion of Keggin-type POM (bulk and supported-) with several other catalysts for the Biginelli reaction show that activity of HTP and HMP (bulk and supported-) seems to be higher than or equal to other known catalysts (Tables 7 and 8 ).
Conclusions
Polyoxoanions can be used directly (in bulk), or deposited on different supports. Supported-heteropoly acid catalysts have much greater surface areas. Many attempts have been made to disperse and fix HPA catalysts on various supports. For various reasons, such as efficiency, better accessibility to the active sites, cost, etc., depositing on a support is currently favoured.
In conclusion, we have described a simple modification of the Biginelli dihydropyrimidinone synthesis by using POM (bulk and supported-) as the catalyst in refluxing acetonitrile. High yields of the products, short reaction times, mild reaction conditions and simple experimental procedure and product isolation make this protocol complementary to the existing methods. Further, the catalyst can be easily recovered and reused without a considerable loss in its activity. It not only leads to economical automation but also reduces hazardous pollution to achieve environmentally friendly processes. We believe that our procedure will be useful for the synthesis of DHPMs to cater the needs of academia as well as pharmaceutical industries. Another important aspect of this procedure is survival of a variety of functional groups such as NO 2 , Cl, OH, OMe and conjugated C C double bond under the reaction conditions. Presumably, the reaction proceeds by the usual mechanism proposed using Lewis acids.
Experimental
Tungstophosphoric acid and molybdatophosphoric acid (HTP and HMP), which are cheap, reusable, heterogeneous and easily available catalysts, were purchased from Merck and were purified by extraction with Et 2 O from aqueous solution of the acid. After evacuation at 150-300 8C for 1-2 h under reduced pressure, pure HTP and HMP were obtained [55] . All solvents were reagent grade. All reaction mixtures were stirred magnetically and were monitored by TLC. Melting points were recorded on a Bamstead Elentrothermal 9200 apparatus, and are uncorrected. IR spectra were recorded on a Perkin-Elmer FT/IR-Impact 400D spectrophotometer with KBr optis.
1 H and 13 C NMR spectra were recorded on a Bruker A W 500 MHz spectrometer in DMSO-d 6 using TMS as an internal standard.
General procedure for the synthesis of the supportedpolyoxometalates
Deposition of a polyanion on a support can be carried out using its solutions in an appropriate solvent. The heterogeneous solution-support mixture is stirred until the solvent is evaporated.
The supported-HTP and HMP catalysts were prepared by method of incipient wetness. In a typical process a 400 mg portion of HTP or HMP were dissolved in deionized water and impregnated dropwise in to 1600 mg SiO 2 (cabosil 20), active carbon, Al 2 O 3 (Merk), TiO 2 (Degussa), ZrO 2 or KSFmontmorilonite supports, with constant agitation. The resulting pastes were dried for 4 h at 110 8C and calcined for 4 h at 250 8C [55] [56] [57] [58] (Fig. 1) .
FT-IR spectra have been proven to be a powerful technique for study of surface interaction between HPA and organic and inorganic supports. Pure HTP compounds display a characteristic infrared fingerprint in the region of ca. 1100-700 cm À1 , attributed to the n as (P O a ), 1090-1060 cm À1 ; n (W O d ), 1010-930 cm
À1
; n as (W-O b -W), 900-870 cm À1 ; and n as (W-O c -W), 850-700 cm À1 , respectively (the most common assignments reported in the literature are given in parentheses) [59, 60] . For example, the infrared spectrum of HTP-C exhibited strong vibrations at 1080 (P O), 973 (W O), 901 and 814 cm À1 (W-O-W). The result suggests that the structure of the phosphotungstic acid of unit HTP-C was similar to that of HTP.
To obtain further information on the structure of the catalysts, we analyzed supported-POMs by neutron activation analysis (NAA). The content of POMs on all supports, which were calculated from W and Mo content in supported-HTP and supported-HMP catalysts, respectively, were determined by neutron activation analysis ( Table 9 ). The nature of the recovered catalysts also has been followed by neutron activation analysis and FT-IR spectra. The results indicated that the catalysts after reusing two times, showed no changes in their NAA (Table 9 ). For first and second runs, filtrates were used for determination of POM leaching. No tungsten and molybdenum were detected in the filtrates by atomic absorption spectroscopy. After second runs, the POMs were leached from the supports (proved by NAA and atomic absorption spectroscopy) and this was led to the deactivation of heterogeneous catalysts. These results were confirmed by the data in Table 4 and Fig. 2. 
General procedure for the synthesis of dihydropyrimidinones
In the presence of POM, H 3 PW 12 O 40 or H 3 PMo 12 O 40 (Aldrich Chemical Co.) (0.02 mmol), or supported-POM (0.4 g), the reaction of ethyl acetoacetate 1 (1 mmol), aldehyde 2 (1 mmol) and urea 3 (1.5 mmol) were carried out in a one-pot condensation employing refluxing CH 3 CN (10 ml) as the solvent (Scheme 2) for the appropriate time (Tables 1 and 2 ). After the reaction was completed, as indicated by TLC analysis, the solvent was evaporated, the residue was dried and washed with water and the resulting solid was treated with hot EtOH and filtered again. The filtrate was concentrated to afford the recrystallized product. The products were characterized by IR, 1 H and 13 C NMR spectral data and by comparison with melting points of the reported compounds. 
